Bacillus thuringiensis Cry toxins are insecticidal proteins used widely for pest control. They are lethal to a restricted range of insects via specific interactions with insect receptors such as the ABC transporter subfamily members C2 (ABCC2) and C3 (ABCC3). However, it is still unclear how these different receptors contribute to insect susceptibility to Cry1A toxins. Here, we investigated the differences between the silkworm (Bombyx mori) ABCC2 (BmABCC2_S) and ABCC3 (BmABCC3) receptors in mediating Cry toxicity. Compared with BmABCC2_S, BmABCC3 exhibited 80-and 267-fold lower binding affinities to Cry1Aa and Cry1Ab, respectively, and these decreased affinities correlated well with the lower receptor activities of BmABCC3 for these Cry1A toxins. To identify the amino acid residues responsible for these differences, we constructed BmABCC3 variants containing a partial amino acid replacement with extracellular loops (ECLs) from BmABCC2_S. Replacing three amino acids from ECL 1 or 3 increased BmABCC3 activity toward Cry1Aa and enabled its activity toward Cry1Ab. Meanwhile, BmABCC2_S and BmABCC3 exhibited no receptor activities for Cry1Ca, Cry1Da, and Cry3Bb, correlating with markedly lower binding affinities for these Cry toxins. ABCC2 from a Cry1Ab-resistant B. mori strain (BmABCC2_R), which has a tyrosine insertion in ECL 2, displayed 93-fold lower binding affinity to Cry1Ab compared with BmABCC2_S but maintained high binding affinity to Cry1Aa. These results indicate that the Cry toxin-binding affinities of ABCC transporters are largely linked to the level of Cry susceptibility of ABCC-expressing cells and that the ABCC ECL structures determine the specificities to Cry toxins.
restricted to certain types of insects. The specificity against target insects is largely determined by the specific interaction between the Cry toxin and the membrane protein receptors expressed in the apical membrane of insect midgut cells (1) . The receptor-toxin interaction promotes pore formation of the toxin on the cell membrane, leading to loss of membrane integrity, cell swelling, necrotic cell death, and, finally, the death of the insect (2) .
A gene for the ATP-binding cassette (ABC) 3 transporter subfamily member C2 (ABCC2) in lepidopteran insects has been identified as a gene responsible for high resistance against Cry1A toxins (3) . Using heterologous expression systems of Sf9 cells and Xenopus oocytes, we demonstrated previously that silkworm (Bombyx mori) ABCC2 from a Cry1A-susceptible strain Ringetsu (BmABCC2_S) mediates high susceptibilities to Cry1A toxins by allowing the induction of powerful pore formation activity compared with other Cry1A toxin receptors, including cadherin-like protein and aminopeptidase N1 (4, 5) . Additionally, we showed a high-affinity interaction (K D Ϸ 10 Ϫ10 M) between the Cry1Aa toxin and BmABCC2_S (6) . However, little is known regarding the binding of other Cry toxins to BmABCC2_S; therefore, it remains unclear whether the specificities of BmABCC2_S for Cry1A toxins are determined by the binding affinity.
ABCC3, a paralog of ABCC2, mediates the toxicities of Cry1 toxins (7) (8) (9) (10) . ABCC2 and ABCC3 are unique to lepidopteran insects and have not been found in other insects (10) , suggesting that these lepidopteran-specific ABCC transporters largely determine the specificity of Cry1A for lepidopteran insects. However, the binding of Cry1A toxins to ABCC3 and the extent to which ABCC3, compared with ABCC2, contributes to Cry toxin intoxication have yet to be elucidated.
ABCC2 and ABCC3 are predicted to have six extracellular loops (ECLs). We showed that, among these ECLs, 770 DYWL 773 of ECL 4 in BmABCC2_S is required for receptor activity for Cry1Aa, suggesting that the residues in ECL 4 are a part of the interaction sites of BmABCC2_S with Cry1Aa (11) . Accordingly, differences in the ECL amino acid residues, especially residues in ECL 4, might generate different receptor activities between ABCC2 and ABCC3. Unlike most Cry1A-resistant lepidopteran strains, Cry1Ab-resistant silkworm strains do not lack the ABCC2 protein; instead, they express the molecule with a tyrosine insertion in ECL 2 at position 234 (12) . Cry1Ab did not induce cell swelling of Sf9 cells expressing the tyrosineinserted BmABCC2 (BmABCC2_R) from the resistant strain C2, whereas Cry1Aa did (4) . Additionally, a three-alanine substitution in the center of ECL 2 containing five amino acid residues did not affect the receptor function of BmABCC2 for Cry1A toxins, including Cry1Ab (13) . Therefore, it is unlikely that ECL 2 functions as a direct interaction site of BmABCC2 to Cry1A toxins, and the extra tyrosine insertion probably causes inhibition of some processes leading to pore formation. However, binding analysis of Cry1Ab to BmABCC2_R is required to clarify whether BmABCC2_R lacks binding affinity to Cry1Ab.
In the present study, we investigated the correlation between the receptor activities and binding affinities of ABCC transporters to Cry toxins. We compared silkworm ABCC2 (BmABCC2_S) and ABCC3 (BmABCC3) with regard to Cry toxin specificities, expression levels in midgut cells, and binding affinities with Cry toxins. Additionally, we investigated the binding affinities of Cry1A toxins to BmABCC2_R. Last, we identified amino acid residues in the ECLs that generate differences in receptor activities between BmABCC2_S and BmABCC3 in Cry toxin intoxication. Our results suggest that the receptor activities of these ABC transporters for Cry toxins are largely determined by the binding affinity with Cry toxins derived from structural differences in the ECLs.
Results

Cry toxin specificities of BmABCC2 and BmABCC3
To investigate the Cry toxin specificities of BmABCC2 and BmABCC3, bioassays against Cry toxins using HEK293T cells transiently expressing BmABCC2_S or BmABCC3 were performed. First, expression levels of BmABCC2 or BmABCC3 in HEK293T cells were evaluated using enhanced GFP (EGFP), which was fused to the C termini of the ABC transporters. The relative fluorescence ratio (EGFP/4Ј,6-diamidino-2-phenylindole (DAPI)) was equivalent between BmABCC2_S-and BmABCC3-expressing cells ( Fig. 1) , indicating that the per-cell expression levels of BmABCC2_S and BmABCC3 were almost the same.
We tested the susceptibilities of BmABCC2_S-or BmABCC3-expressing cells against four lepidopteran-specific and B. mori larvicidal Cry toxins (Cry1Aa, Cry1Ab, Cry1Ca, and Cry1Da) and a coleopteran-specific Cry3Bb toxin. Cells expressing BmABCC2_S or BmABCC3 swell in response to Cry toxins when the ABC transporter serves as a Cry toxin receptor, as in the case of BmABCC2_S-expressing cells in the presence of Cry1Aa (4) . Such cell swelling directly reflects the cytotoxicity of the Cry1 toxins (14) . BmABCC2_S-expressing cells began to swell when incubated for 1 h in the presence of 1 nM Cry1Aa, whereas cells transiently expressing BmABCC3 started swell-ing in the presence of 100 nM Cry1Aa toxin ( Fig. 2A ). BmABCC2_S-expressing cells responded to 100 nM Cry1Ab, but BmABCC3-expressing cells showed no swelling when incubated with up to 4.5 M Cry1Ab (Fig. 2B ). For quantitative evaluation of difference in receptor activities, we conducted a lactose dehydrogenase (LDH) release assay. Results confirmed that receptor activities of BmABCC3 for Cry1Aa and Cry1Ab are lower than those of BmABCC2_S ( Fig. 3 ). No cell swelling was observed in either cell type in the presence of a 1 M concentration of the other Cry toxins, including Cry1Ca, Cry1Da, and Cry3Bb (Fig. 2C ). These results suggest that BmABCC2_S and BmABCC3 have different receptor activities for Cry1A toxins; however, neither receptor functions as a receptor for Cry1Ca and Cry1Da.
Expression levels of BmABCC2 and BmABCC3 in the midgut of silkworm larvae
Using a heterologous expression system, BmABCC3 showed markedly lower receptor activity for Cry1Aa compared with BmABCC2 ( Fig. 2A) ; however, the activities of the ABC transporters involved in larval susceptibility to the Cry1Aa toxin should be influenced by the expression levels in midgut cells. Hence, we conducted quantitative RT-PCR using cDNA prepared from midgut total RNA from each instar silkworm larva. The mRNA expression levels of the two ABC transporters increased from the first instar to the fourth instar and then decreased in the fifth instar, with similar expression patterns in the larval stages ( Fig. 4 ). The mRNA expression levels of BmABCC3 in the second and third instar larvae were 3-and 
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2.2-fold higher than those of BmABCC2, respectively; however, the mRNA expression levels of these molecules in the other instar larvae were almost the same (Fig. 4 ). Therefore, even in the second and third instar B. mori larvae, the contribution of BmABCC2 to Cry1Aa susceptibility is likely to be higher than BmABCC3, with ϳ100-fold higher receptor activity observed in BmABCC2-expressing HEK293T cells than in BmABCC3expressing cells ( Figs. 2 and 3 ).
Binding affinities of Cry toxins to BmABCC2_S, BmABCC3, and BmABCC2_R
To elucidate whether the differences in toxin specificities and receptor activities between the two ABC transporters depended on binding kinetics, we employed surface plasmon resonance (SPR) analysis of BmABCC2_S or BmABCC3 association with and dissociation from Cry toxins. Additionally, we carried out SPR analysis of BmABCC2_R with Cry1A toxins. BmABCC2_S, BmABCC3, and BmABCC2_R proteins were prepared using a baculovirus expression system and purified with anti-FLAG tag antibody-conjugated gels, as reported previously (6) . The purities of the proteins were confirmed by silver staining and Western blotting using anti-FLAG tag antibody after separation by SDS-PAGE ( Fig. 5 ). Because bands of contaminating proteins were detected even after affinity purification, we investigated whether these proteins affect results of binding analysis. Proteins that nonspecifically bound to affinity gels conjugated with anti-FLAG tag antibody were collected from a membrane fraction from a 2-liter culture of EGFPalone-expressing Sf9 cells and immobilized on the Biacore sensor chip. We observed no Cry toxins binding (400 nM Cry1Aa and Cry1Ab) to the nonspecific contaminating proteins derived from Sf9 cells ( Fig. S1 ), suggesting that the nonspecific binding included in the sensorgrams was negligible, and partially purified proteins were worth using for binding analysis.
Cry1Aa toxin showed rapid association but slow dissociation with the BmABCC3-immobilized sensor chip ( Fig. 6 ), as we showed previously using a BmABCC2_S-immobilized sensor chip (6) . With repetitive trials of fitting and careful observations using BIAevaluation version 4.1 software, we found that the Langmuir 1:1 binding model did not fit the sensorgrams, particularly during the dissociation phase ( Fig. S2 ). Instead, the two-state and bivalent binding models fit better than did the Langmuir 1:1 binding model with regard to the sensorgram of Cry1Aa (Fig. S2 ). The X 2 value was too high using the Langmuir 1:1 binding model but was reasonable when the two-state and bivalent binding models were applied ( Fig. S2 ). Because no obvious oligomers were observed in the Cry1Aa toxin solution (15) , it is likely that Cry1Aa toxin binds to BmABCC2_S or BmABCC3 with a 1:1 stoichiometry, and the bivalent binding 
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model seems unlikely. Other sensorgrams against other toxins also showed the same fitting pattern to the three models. For these reasons, we used the two-state binding model for curve fitting.
The dissociation constant (K D ) was calculated using kinetic parameters obtained from the curve fitting of the sensorgrams in Fig. 6 . The K D values of Cry1Aa to BmABCC2_S and BmABCC3 were 4.30 ϫ 10 Ϫ10 and 3.42 ϫ 10 Ϫ8 M, respectively ( Table 1) , indicating that Cry1Aa bound to BmABCC2_S with an 80-fold higher affinity than that bound to BmABCC3. The K D values of Cry1Ab to BmABCC2_S and BmABCC3 were 2.37 ϫ 10 Ϫ10 and 6.85 ϫ 10 Ϫ8 M, respectively (Table 1) , indicating that Cry1Ab bound to BmABCC2_S with a 267-fold higher affinity than that bound to BmABCC3. These results suggest that the difference in the binding affinity of Cry1A toxins is mainly responsible for the differences in the Cry1Aa and Cry1Ab susceptibilities of BmABCC2_S-and BmABCC3-expressing cells observed in Fig. 2 . The K D values for the binding of Cry1Aa and Cry1Ab on ABCC2_S are similar ( Table 1) , as well as the K D values for the binding of the same toxins on ABCC3, although Cry1Ab is less toxic than Cry1Aa (Fig. 2) . This result indicates that the different toxicities of Cry1Aa and Cry1Ab against the same ABC transporter were not based on differences in binding affinity.
Both Cry1Ca and Cry1Da were active against silkworm larvae but not against BmABCC2-or BmABCC3-expressing cells (Fig. 2C ). Cry1Ca showed relatively low binding affinity (ϳ10 Ϫ7 M) to both BmABCC2 and BmABCC3 (Table 1 ). Cry1Da showed even lower binding affinity (Ͼ10 Ϫ6 M) to both BmABCC2 and BmABCC3 (Table 1 ). Cry3Bb toxin, which is not toxic to B. mori larvae or cells expressing BmABCC2 and BmABCC3 (Fig. 2C ), showed markedly lower binding affinity to BmABCC2 (ϳ10 Ϫ5 M) but high affinity to BmABCC3 (ϳ10 Ϫ8 M) (Table 1 ). However, the association rate of Cry3Bb to BmABCC3 was 10 -1000-fold lower compared with those of active toxins against BmABCC2_S or BmABCC3 (e.g. Cry1Aa binding to BmABCC2_S and BmABCC3 or Cry1Ab binding to BmABCC2) (Table S2 ), suggesting that the minimal amount of Cry3Bb binding attained during incubation resulted in no toxicity to BmABCC3-expressing cells.
With regard to BmABCC2_R, Cry1Aa showed almost the same high binding affinity (ϳ10 Ϫ10 M) as that bound to WT BmABCC2 ( Fig. 7 and Table 1 ). In contrast, Cry1Ab showed a 93-fold lower binding affinity (ϳ10 Ϫ8 M) to BmABCC2_R than to BmABCC2 ( Fig. 7 and Table 1 ), suggesting that the tyrosine insertion in ECL 2 reduced the binding affinity of Cry1Ab to BmABCC2.
Identification of amino acid residues generating different Cry1A receptor activities in BmABCC2 and BmABCC3
As the tyrosine insertion in ECL 2 of BmABCC2_R caused decreased binding affinity to Cry1Ab (Table 1) , structural differences between BmABCC2 and BmABCC3 in six ECLs were expected to generate differences in binding affinities and receptor activities for Cry1A toxins. Thus, when the ECLs of BmABCC3 were partially substituted for the ECLs of BmABCC2, the receptor activity of the mutant BmABCC3 for Cry1A toxins was expected to be higher than that of the WT BmABCC3. According to the predicted transmembrane topology using Phobius, ECLs 1 and 4 have long loops that consist of 18 and 35 amino acid residues, respectively, in BmABCC2 (Fig.  8 ). Based on results from our recent study (11) (Fig. 8) , we 
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focused on the sites 120 AELLSYWSVEAT 131 in ECL 1 and 770 DYWLSFWTN 778 in ECL 4 as candidate regions responsible for the receptor activity of BmABCC2 for Cry1Aa. We generated three ECL 1 mutants (Ala 122 , 126 SYWS 129 , 131 EAT 133 ) and one ECL 4 mutant ( 792 LSF 794 ) of BmABCC3. Additionally, we generated BmABCC3 mutants with ECL 2, 3, 5, or 6 that were identical to those from BmABCC2. The expression levels of these mutants were evaluated using the EGFP/DAPI fluorescence ratio (Fig. S3 ), and no apparent differences in expression levels (maximum 1.3-fold difference) were observed.
We evaluated the susceptibility of HEK293T cells expressing the BmABCC3 mutants against 10 nM Cry1Aa and 500 nM Cry1Ab. As controls, BmABCC2-expressing cells were swollen in these toxin concentrations, whereas the BmABCC3-express-ing cells showed no swelling ( Fig. 9 ). Among the cells expressing the BmABCC3 ECL mutants, cells expressing two BmABCC3 mutants, 131 EAT 133 (ECL 1) and 363 YIS 365 (ECL 3), were swollen in the presence of 10 nM Cry1Aa and 500 nM Cry1Ab (Fig. 9) . The LDH assay also revealed that the two mutations confer BmABCC3 higher receptor activities for Cry1Aa and Cry1Ab (Fig. 10 ). Note that receptor activities of the mutants for Cry1Aa were still lower than that of BmABCC2_S; those for Cry1Ab were comparable with or even higher than that of BmABCC2_S (Fig. 10) . These results suggest that these amino acid residues in ECL 1 and 3 are included in the regions responsible for the receptor activity. To clarify whether the higher receptor activities of BmABCC3 mutants were based on higher binding affinity to Cry1A toxins, we further conducted binding analysis of BmABCC3 mutants. The recombinant BmABCC3 mutant proteins were partially purified (Fig. 11A ). The K D values of Cry1Aa and Cry1Ab to BmABCC3 131 EAT 133 calculated from parameters shown in Table S3 were 6.6-and 2.3-fold lower than those to WT BmABCC3, respectively ( Fig. 11B and Table 2 ). Conversely, the K D values of Cry1Aa and Cry1Ab to BmABCC3 363 YIS 365 were rather 4.2-and 12.6-fold higher than those to WT BmABCC3, respectively ( Fig. 11B and Table 2 ). These results indicate that higher binding affinities of Cry1A toxins largely contribute to higher receptor activity of BmABCC3 131 EAT 133 . Meanwhile, other factor(s) might underlie the mechanism of higher receptor activities of 363 YIS 365 .
Discussion
Although BmABCC3 is a functional receptor for Cry1Aa, its toxicity-mediating activity for Cry1Aa was markedly lower than that of BmABCC2_S ( Figs. 2A and 3 ), and this difference was considered to be due to lower binding affinity ( Table 1 ). There were only small differences in the expression levels between the two ABC transporters in the midgut (Fig. 4) , suggesting that the expression level of BmABCC3 cannot compensate for the lower receptor function of BmABCC3 compared with BmABCC2. Therefore, the contribution of BmABCC3 to B. mori larval susceptibility to Cry1Aa is much lower than that of BmABCC2_S. However, a synergistic effect with a cadherinlike protein may increase the level of contribution of BmABCC3 to Cry1Aa intoxication; such synergy was previously shown between BmABCC2_S and B. mori cadherin-like protein, BtR175 (4), and between HevABCC2 and HevCaLP (16). Chen et al. (8) showed that Spodoptera litura ABCC3 conferred higher Cry1Ac susceptibility with co-expression of Helicoverpa armigera cadherin-like protein. However, the levels of synergistic effect are not predictable using in vitro assays, as the susceptibility to Cry1Ab conferred by BmABCC2 itself was 100-fold lower than that conferred to Cry1Aa in Sf9 cells, 
Cry toxin specificities for silkworm ABCC transporters
whereas the susceptibility conferred by co-expression of BmABCC2 and BtR175 was almost the same for Cry1Aa and Cry1Ab (4) . Therefore, to evaluate the precise level of contribution, including the synergistic effect of BmABCC2 or BmABCC3 with a cadherin-like receptor in larval susceptibility, bioassays using BmABCC2-or BmABCC3-knockout silkworm larvae are indispensable.
In contrast to Cry1Aa, Cry1Ab showed lower and no activity to cells expressing BmABCC2_S and BmABCC3, respectively (Figs. 2 (A and B) and 3) , although the binding affinities of Cry1Ab to the ABC transporters were comparable with those of Cry1Aa (Table 1 ). These results suggest that, whereas the binding amounts might appear similar between Cry1Aa and Cry1Ab, the efficiencies of pore formation might differ between the toxins. Differences in the structure of the binding sites between Cry1Aa and Cry1Ab toxins might generate differences in the efficiency of pore formation. Our recent study indicated a phenomenon analogous to this scenario. Several Cry1Aa mutants with mutations in domain II loop 2 or 3 preserved high binding affinity to BmABCC2_S but showed markedly lower toxicity to BmABCC2_S-expressing Sf9 cells than did the WT Cry1Aa toxin (6) . We hypothesized that the differences in amino acid residues in the domain II loops of Cry1A toxins affect not only the binding affinity to BmABCC2_S but also the process of pore formation after receptor binding (6) . In fact, the amino acid sequences of domain II loops are not conserved between Cry1Aa and Cry1Ab, and the differences might generate the differences in toxicity to ABC transporter-expressing cells. Further analyses are needed to elucidate the role of 150 and 300 kDa) . B, recombinant BmABCC3 mutants with FLAG tag were partially purified using an anti-FLAG tag antibody-conjugated gel and immobilized on a CM5 sensor chip. Cry toxins were injected over the sensor chip of Biacore J as analytes. The thick black lines indicate the actual response curves, whereas the thin gray lines show the two-state reaction models indicated by BIAevaluation software. Some of the model curves are difficult to discern, as the actual response curves overlap the models, indicating a good fit. 
domain II loops after receptor binding and how the event contributes to pore formation. Neither BmABCC2 nor BmABCC3 functioned as a receptor for Cry1Ca and Cry1Da (Fig. 2C) , although both toxins kill B. mori larvae. This observation agrees with a previous report indicating that Cry1A-resistant strains did not show cross-resistance to these two toxins (17, 18) . Our current results indicated that SeABCC2 and SeABCC3 did not serve as receptors for the two toxins (10) . We showed that Cry1Ca and Cry1Da bound to BmABCC2 and BmABCC3 with markedly lower affinity than did Cry1Aa (Table 1) , indicating that these toxins cannot form pores via BmABCC2 and BmABCC3 binding due to low binding affinity.
A Cry1Ab-resistant silkworm strain C2 exhibited a more than 2800-fold resistance to Cry1Ab compared with a susceptible strain, Ringetsu (12) . Cry1Ab bound to BmABCC2_R with a 93-fold lower affinity than to BmABCC2_S (Table 1 ), indicating that an extra tyrosine insertion in ECL 2 decreased the binding affinity of BmABCC2 to Cry1Ab, and this insertion could cause high resistance in the BmABCC2_R strain. The possibility that the tyrosine insertion in ECL 2 affected other processes of pore formation after binding to BmABCC2_R cannot be excluded, as it is unclear whether the Ͼ1000-fold resistance of the C2 strain can be explained simply by a 93-fold reduction in binding affinity.
Replacement of the amino acid residues in ECL 1 and 3 of BmABCC3 with those of BmABCC2 increased the receptor activity of BmABCC3 for Cry1Aa ( Fig. 9 ). Additionally, these replacements conferred BmABCC3 receptor activity for Cry1Ab on BmABCC3 (Fig. 9 ). The substitution in ECL 1 ( 131 EAT 133 ) increased the binding affinity of Cry1A toxins ( Table 2 ), suggesting that these amino acid residues are involved in binding to Cry1A toxins. Our previous study (11) screened regions of BmABCC2_S that are responsible for its receptor activity for Cry1Aa using a cell-swelling assay with BmABCC2_S mutants. Deletion mutant analyses suggested that BmABCC2_S ECL 1 ( 120 AELLSYWSVEAT 131 ), including 129 EAT 131 , and ECL 4 ( 770 DYWLSFWTN 778 ) are important regions to exhibit the receptor activity for Cry1Aa, whereas alanine-scanning analyses suggested that only 770 DYWL 773 in ECL 4 affects the receptor activity (11) . Overall, to know the precise toxin-binding sites in ABCC2 and ABCC3, binding analysis using alanine-substituted ABCC transporter mutants is further required at least. On the other hand, ECL 3 is unlikely to interact directly with Cry1Aa, as three alanine substitutions in BmABCC2_S ECL 3 did not affect the receptor function of BmABCC2_S with respect to Cry1Aa (11) . However, the substitution in ECL 3 ( 363 YIS 365 ) unexpectedly resulted in a decrease of binding affinities to Cry1A toxins (Table 2) , suggesting that the substitution indirectly affected binding affinities in the same scenario as the tyrosine insertion in ECL 2 of BmABCC2_R (Table 1 ). Our data suggest that binding affinities do not always correlate with the higher receptor activities of the mutants, and there should be other factor(s) that confer high receptor activities. For example, the substitution might have removed a factor of steric hindrance that restricted the mode of action of Cry1A toxins after binding to ABCC3, such as toxin insertion into the cell membrane.
This study used BmABCC3 ECL mutants to investigate whether the ECLs of ABCC transporters are responsible for determining Cry toxin specificities. However, data using sitedirected mutants cannot adequately clarify which ECLs constitute the proper interaction sites of BmABCC2 and BmABCC3 to Cry1A toxins. Structural analyses of the insect ABC transporters and Cry toxin complexes using methods such as X-ray diffraction might be informative with regard to the receptortoxin interaction and the mechanism of Cry toxin-induced pore formation in ABC transporters. Our results suggested candidate structures for co-crystallization analysis with Cry1A toxins.
Experimental procedures
Cry toxin preparation
Cry1Aa, Cry1Ab, Cry1Da, and Cry3Bb toxins were produced as recombinant proteins from Escherichia coli as described previously (4, 10) . Cry1Ca toxin was produced by a B. thuringiensis recombinant stain (19) . The inclusion bodies were solubilized and activated as described elsewhere (6) . The toxin concentration was determined by densitometry using Alpha-DigiDoc TM (Alpha Innotech, San Leandro, CA).
cDNA cloning of BmABCC2 and BmABCC3
Bombyx mori hybrid strain Kinshu ϫ Showa was purchased from Ueda Sanshu Ltd. (Ueda, Japan). Total RNA was isolated from larval midgut tissue using ISOGEN II (NIPPON GENE, Tokyo, Japan) and used for cDNA synthesis as template. The cDNAs were synthesized using ReverTra Ace (TOYOBO, Osaka, Japan). BmABCC2_S cDNA already cloned in our previous study (4) was amplified by PCR. BmABCC3 cDNA sequence (AK378482.1) was obtained from the full-length cDNA clone database in KAIKObase (20) . The amplified cDNAs using primer sets shown in Table S1 were cloned into the EcoRV site of pcDNA3.1 vector (Thermo Fisher Scientific, Tokyo, Japan) using GeneArt Seamless Cloning and Assembly Enzyme Mix (Thermo Fisher Scientific). Enhanced GFP was introduced downstream of BmABCC2 and BmABCC3. Constructs of BmABCC3 ECL mutants were prepared by site-directed mutagenesis using inverse PCR. Primers are shown in Table S1 .
Expression of BmABCC2 and BmABCC3 in HEK293T cells and cell swelling assay with Cry toxins
HEK293T cells were cultured and transfected as described previously (10) . Briefly, HEK293T cells were transfected with the vectors constructed in the previous section using Opti-MEM (Thermo Fisher Scientific) containing polyethyleneimine (PEI Max, Polysciences, Inc., Warrington, PA) for 2 h. The media were changed to a fresh Dulbecco's modified Eagle's medium, and the cells were incubated for 48 h at 37°C. After incubation, the coverglass was placed on a slide glass (Matsunami Glass, Osaka, Japan) filled with activated Cry toxin solution diluted in Hanks' buffered saline solution (HBSS; 137 
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the cells were observed under phase-contrast microscopy. To compare expression levels of ABC transporters in transfected HEK293T cells, cells were fixed with 4% formaldehyde/HBSS for 10 min and permeabilized with 0.1% Triton X-100/HBSS for 10 min and subsequently incubated with 1 g/ml DAPI for 5 min. Intensity of fluorescence emitted from EGFP and DAPI was measured using the MetaView imaging system (Universal Imaging Co., Westchester, PA) under microscopy BX53 (Olympus, Tokyo, Japan). The release of LDH was detected as described elsewhere (10) . In short, Cells expressing BmABCC2_S, BmABCC3, or BmABCC3 mutants seeded on a 96-well plate were treated with Cry toxins for 1 h. The LDH release was measured using an LDH Cytotoxicity Detection Kit (Takara Bio, Shiga, Japan).
Quantitative RT-PCR
Total RNA of midgut from each instar B. mori larvae was isolated with ISOGEN II (NIPPON GENE, Tokyo, Japan). The single strand cDNA was prepared using the PrimeScript TM RT reagent Kit (TaKaRa bio), and the concentrations were determined using Nanodrop ND-1000 (Thermo Fisher Scientific). Quantitative RT-PCR was performed using SYBR Premix Ex Taq TM II (TaKaRa bio) on a StepOnePlus TM (Applied Biosystems, CA). Quantitative PCRs were performed in technical triplicate. The relative expression levels were calculated using ⌬⌬Ct and normalized using B. mori actin A3. The primers were shown in Table S1 .
Preparation of BmABCC proteins using a baculovirus expression system
BmABCC proteins for SPR analysis were produced in Sf9 cells using a baculovirus expression system. To generate transfer vectors for recombinant Autographa californica nuclear polyhedrosis viruses (AcNPV), including AcNPV-BmABCC2_ S-FLAG, AcNPV-BmABCC2_R-FLAG, and AcNPV-BmABCC3-FLAG, cDNAs of silkworm ABC transporters were amplified by PCR and cloned into pBac4x-1 vector (Merck Millipore) in which EGFP was previously introduced as an expression marker downstream of a polyhedrin promoter (4) different from that of BmABCC cDNAs. 3ϫ FLAG tag was introduced downstream of BmABCC cDNAs using overlap extension PCR or the same restriction site of pBAC4x-1 vector. Primers were shown in Table S1 . Recombinant AcNPVs were generated using the BacMagic TM kit (Merck Millipore) according to the manufacturer's instructions. Sf9 cells were infected with the recombinant virus and cultured for 3 days. An approximately 2-liter culture of Sf9 cells expressing BmABCC-FLAG was used for preparing a membrane fraction that was subsequently solubilized with n-dodecyl-␤-D-maltoside (Dojindo, Tokyo, Japan) and purified using anti-FLAG M2 Affinity Gel (Sigma-Aldrich) as described elsewhere (6) . With regard to WT BmABCC2 protein, the same lot as purified BmABCC2-FLAG reported by Adegawa et al. (6) was used for SPR analysis. Purity was analyzed by silver staining (silver staining kit, APRO Science, Tokushima, Japan) and Western blotting using monoclonal ANTI-FLAG M2 antibody (Sigma-Aldrich).
SPR analysis
Partially purified ABCC transporters and mutants were immobilized on a CM5 sensor chip (GE Healthcare, Chalfont, UK) using the amine-coupling method. Measurement and analysis of binding kinetics were performed using Biacore J equipped with BIAevaluation version 4.0 (GE Healthcare) as described previously (6) .
Alignment of amino acid sequences and transmembrane topology prediction
The amino sequence alignment was carried out using CLC sequence viewer version 7.5 (CLC bio, Aarhus, Denmark). Transmembrane topology of BmABCC2_S was predicted by Phobius (http://phobius.sbc.su.se/) 4 (21) .
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